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Cid13 Is a Cytoplasmic Poly(A) Polymerase
that Regulates Ribonucleotide Reductase mRNA
stood (Kesti et al., 1999). Genome integrity requires that
chromosomes are not only fully replicated each cell cy-
cle, but also that sister chromatids are properly segre-
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gated at mitosis. With this requirement in mind, intense1Department of Molecular Biology
interest greeted the recent discovery in the budding2 Department of Cell Biology
yeast Saccharomyces cerevisiae of a fourth class ofThe Scripps Research Institute
essential DNA polymerase that is required for DNA repli-10550 North Torrey Pines Road
cation and sister chromatid cohesion (Wang et al.,La Jolla, California 92037
2000b). Trf4 and Trf5, which define a distinct family of3 Department of Medical Biochemistry
pol-like nucleotidyltransferases found in all sequencedand Biophysics
eukaryotic genomes, are essential for viability (CastanoUmea˚ University
et al., 1996). Inactivation of these enzymes slowed DNAUmea˚ SE-90187
replication and caused a defect in sister chromatid co-Sweden
hesion (Wang et al., 2000b). These findings, coupled with
evidence that recombinant Trf4 possesses template-
dependent DNA polymerase activity (Wang et al.,Summary
2000b), suggested a “polymerase switch” model in
which Trf4/5 enzymes, now known as DNA polymeraseFission yeast Cid13 and budding yeast Trf4/5 are mem-
, establish cohesion as the replication fork progressesbers of a newly identified nucleotidyltransferase family
(Carson and Christman, 2001; Uhlmann, 2000).conserved from yeast to man. Trf4/5 are thought to
High-fidelity replication requires that DNA polymer-be essential DNA polymerases. We report that Cid13
ases are provided with an ample and balanced supplyis a poly(A) polymerase. Unlike conventional poly(A)
of dNTPs (Meuth, 1989). Proper provision of dNTPs ispolymerases, which act in the nucleus and indiscrimi-
accomplished through exquisite regulation of RNR. Atnately polyadenylate all mRNA, Cid13 is a cytoplasmic
the enzyme level, overall RNR activity is allostericallyenzyme that specifically targets suc22 mRNA that en-
regulated in a positive fashion by ATP and negativelycodes a subunit of ribonucleotide reductase (RNR).
by dATP, whereas its substrate specificity is controlledcid13 mutants have reduced dNTP pools and are sen-
by ATP and its products (dNTPs) (Thelander and Reich-sitive to hydroxyurea, an RNR inhibitor. We propose
ard, 1979). In budding yeast, RNR has a regulatory sub-that Cid13 defines a cytoplasmic form of poly(A) poly-
unit called Sml1, which is a target of the checkpointmerase important for DNA replication and genome
signal cascade (Zhao et al., 2001). Sml1, which nega-maintenance.
tively regulates RNR, diminishes when cells are treated
with hydroxyurea (HU), an RNR inhibitor. At the tran-
Introduction
scription level, RNR gene expression is elevated during
S phase and enhanced by HU treatment in yeasts
Eukaryotic genome duplication is accomplished with (Elledge et al., 1992). For example, expression of both
nearly absolute fidelity every cell cycle. This complex cdc22 and suc22, which encode subunits of RNR in S.
task involves hundreds of proteins, including ribonucle- pombe, are elevated in cells treated with HU (Fernandez
otide reductase (RNR) that supplies deoxyribonucleo- Sarabia et al., 1993). Transcriptional activation of RNR
tides (dNTPs), polymerases that synthesize dNTPs into is tightly linked to the checkpoint response (Harris et
DNA, and checkpoint proteins that activate response al., 1996; Huang et al., 1998).
mechanisms when replication difficulties arise. De- Hydroxyurea has long been used as a cancer chemo-
termining how these activities are coordinately regu- therapeutic. Its utility probably stems from its specificity
lated during the cell cycle and in situations of replica- for actively dividing (i.e., replicating) cells and because
tional stress is central to understanding cell duplication many cancer cells lack fully operational replication
mechanisms and maintenance of genome integrity. checkpoints. Replication checkpoints are best under-
It is uncertain how many types of DNA polymerases stood in yeast model systems, wherein HU triggers a
are required to replicate a eukaryotic genome. It is gen- potent replication stress response. Central to this re-
erally thought that bulk DNA replication is carried out sponse is Rad3 in fission yeast, a protein kinase analo-
by DNA polymerases  and . Pol, in complex with gous to ATR in humans (Bentley et al., 1996; Keegan et
primase, catalyzes synthesis of pre-Okazaki fragments, al., 1996). Rad3 activates programs that arrest cell cycle
whereas polmatures these fragments in lagging strand progression, modulate repair, and promote recovery
synthesis and also is required for leading strand synthe- from replication arrest (Boddy and Russell, 2001). Part
sis (Burgers, 1998; Waga and Stillman, 1998). A third of this response mechanism involves regulation of RNR
DNA polymerase, pol, is also required for DNA replica- (Huang et al., 1998; Zhao et al., 2001).
tion in vivo, although its precise function is not under- Here we report the outcome of a genetic screen in
fission yeast designed to identify novel genes involved in
the replicational stress response. This screen identified4 Correspondence: prussell@scripps.edu
Cid13, a member of the Trf4/5 family of nucleotidyltrans-5 Present address: Cold Spring Harbor Laboratory, 1 Bungtown Road,
Cold Spring Harbor, New York 11724. ferases. Cid13 has functional properties completely un-
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like those attributed to Trf4/5. Cid13 is not a DNA poly- mutant cells were viable and had no obvious growth
defect. However, colony formation by cid13 cells wasmerase. Instead, Cid13 is a poly(A) polymerase that
regulates the poly(A) tail of suc22 mRNA. Unlike conven- severely retarded in comparison to wild-type in agar
medium containing 10 mM HU (Figure 2A). cid13 cellstional poly(A) polymerases, which polyadenylate mRNA
prior to nuclear export, Cid13 localizes in the cytoplasm. were sensitive to continuous but not acute exposure to
HU. In both cid13 and wild-type cells treated with 10These findings shed new light on control of gene expres-
sion in the cytoplasm and on molecular functions of the mM HU in liquid medium, cell division stopped within 4
hr and cells remained viable for at least 8 hr (FiguresCid/TRF family of nucleotidyltransferases.
2B and 2C). These data indicated that S-M replication
checkpoint control is intact in cid13 cells, but there isResults
a defect in long-term adaptation to replicational stress.
To confirm the assertion that Cid13 acts independentlyIsolation of cid13
of checkpoints, the cid13 mutation was introducedTo identify novel proteins involved in the replication
into rad3, cds1, or chk1 mutant strains. All doublestress response, a library of fission yeast genomic DNA
mutants were viable but more sensitive to HU than eachwas screened for multicopy plasmids that rescue HU
of the corresponding single mutants (Figure 2D and datasensitivity of rad26-N73 cells. Rad26 is essential for
not shown). These findings provided further evidenceboth the DNA replication and damage checkpoints (al-
that Cid13 functions in a pathway different from check-Khodairy et al., 1994), but the rad26-N73 allele, which
point control.encodes Rad26 protein lacking N-terminal 73 amino
acids, is specifically defective for the replication check-
point (data not shown). In addition to rad26, three genes Cid13 Is a Cytoplasmic Protein
(suc22, SPCC965.02, and SPAC821.04c) were repeatedly Our studies showed that Cid13 influences HU toxicity
isolated in the screen (Figure 1A and data not shown). in a manner that does not involve checkpoint control.
Suc22 is the subunit of RNR that is inactivated by HU These findings implied that Cid13 either helps to neutral-
(Fernandez Sarabia et al., 1993). SPCC965.02 is related to ize or exclude HU, enhances RNR activity, or facilitates
isp4 that encodes an oligopeptide transporter (Lubkowitz DNA replication when RNR activity is impaired. The latter
et al., 1998). SPCC965.02 might be involved in promoting possibility was most consistent with the homology of
HU efflux from the cell. SPAC821.04c encodes a novel Cid13 to the Trf4/5 family of DNA polymerases. We hy-
member of the TRF family of nucleotidyltransferases de- pothesized that Cid13 restarts stalled replication forks
fined by Aravind and Koonin (1999) (Figure 1B). There or replicates DNA in low concentrations of dNTPs.
are two members of this family in budding yeast (Trf4 To characterize Cid13 protein, the genomic copy of
and Trf5), six in fission yeast, and multiple forms in cid13 was tagged with the 13-myc epitope tag at the
Caenorhabditis, Drosophila, Arabidopsis, and human. carboxyl terminus. Cid13-myc, which appeared to be
These proteins are related to eukaryotic poly(A) poly- fully functional, was detected as several110 kDa spe-
merases that polyadenylate the 3 end of newly synthe- cies in immunoblots, indicating that Cid13 might be sub-
sized mRNA (Figure 1C; Aravind and Koonin, 1999), but ject to posttranslational modification (Figure 3A). The
budding yeast Trf4 and Trf5 are thought to be essential mobility and abundance of Cid13 was unaffected by HU
DNA polymerases required for chromatid cohesion treatment (Figure 3A).
(Wang et al., 2000b). One member of this family in fission To address whether Cid13 might be a DNA polymer-
yeast, Cid1, was proposed to be involved in S-M check- ase that replicates chromosomal DNA, we determined
point signaling (Wang et al., 2000a). SPAC821.04c was if Cid13 was located in the nucleus. Indirect immunofluo-
named cid13. rescence of cells fixed in methanol showed that Cid13-
myc was a cytoplasmic protein present in granular-like
structures (Figure 3B). Cid13 appeared to be excludedcid13 Overexpression Rescues HU Sensitivity
from the nucleus. The same staining pattern was ob-of Many Checkpoint Mutants
served in cells fixed with aldehydes (data not shown).A panel of checkpoint mutants was transformed with
The pattern and intensity of staining was uniform in allthe multicopy cid13 plasmid and tested for HU sensitiv-
cells examined, indicating that expression and localiza-ity. All mutants tested, including rad3, rad26, rad17,
tion of Cid13 was constant during the cell cycle. Thisrad1, rad9, and cds1 single mutants and cds1
pattern was unaffected by HU treatment or DNA damagechk1 double mutant (al-Khodairy and Carr, 1992; Mura-
generated by Bleomycin (Figure 3C). These findingskami and Okayama, 1995; Walworth et al., 1993), were
strongly indicated that Cid13 is unlikely to function aspartially rescued by cid13 (Figure 1D and data not
a DNA polymerase in vivo. This conclusion was sup-shown). Multicopy cid13 plasmid also rescued HU sen-
ported by in vitro DNA polymerase assays of Cid13 de-sitivity of cdc2-3w cells that express mutant cyclin-
scribed below.dependent kinase Cdc2 that is largely insensitive to
checkpoint regulation (Figure 1D; Enoch and Nurse,
1990). These results showed that Cid13 overexpression dNTP Pools Are Reduced in cid13 Cells
increases HU resistance by a mechanism independent Cid13 possessed neither the enzymatic activity nor the
of checkpoints. localization pattern expected of a DNA polymerase that
replicates chromosomal DNA. We therefore considered
whether Cid13 targets HU or in some way regulatescid13 Cells Are HU Sensitive
The open reading frame of genomic cid13 was replaced RNR. If Cid13 enhances RNR activity, then Cid13 inacti-
vation should decrease dNTP pools in cells that havewith the kanMx6 cassette to create cid13 cells. These
Cid13 Cytoplasmic Poly(A) Polymerase
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Figure 1. Multicopy cid13 Rescues HU Sensitivity of Various Checkpoint Mutants
(A) rad26-N73 mutant was transformed with a multicopy plasmid containing cid13 or empty vector. Transformants were incubated at 32	C
for 4 days on an EMM2 plate with or without 3 mM HU.
(B) Clustal W alignment of Cid13 with human FLJ10489, fission yeast Cid1, and budding yeast Trf4 (Thompson et al., 1994). Identical amino
acids are shaded black, and similar amino acids are shaded gray. The nucleotide transferase motif (GS X10 DXD) is indicated.
(C) Alignment of Cid13 with poly(A) polymerase from fission yeast and budding yeast.
(D) Checkpoint mutants were transformed with a cid13 plasmid or vector control. Serial dilutions (5-fold) were spotted on HU media. The
left spot contained 10,000 cells. cid13 partially rescued HU sensitivity of all mutants. The HU concentration was 3 mM for rad26, rad3,
and cds1chk1, 5 mM for cds1, and 10 mM for cdc2-3w.
not been treated with HU. On the other hand, if Cid13 smaller, with dGTP being only slightly higher in wild-
type (422%) as compared to cid13 cells (387%). Theneutralizes or excludes HU, then Cid13 inactivation
should only effect dNTP pools in cells treated with HU. dATP patterns were quite similar (Table 1). The nar-
rowing of dNTP differences as wild-type and cid13A previously described method was used to measure
dATP and dGTP in cell extracts (Zhao et al., 2001). Intra- cells progressed into S phase is consistent with the
observation that these cells appeared to complete Scellular amounts of dGTP and dATP in asynchronous
cultures of wild-type cells were assigned a value of phase with similar kinetics (Figure 4A). However, in early
S phase or asynchronous cells, the amount of dNTPs100%. The corresponding values in cid13 cells were
58% for dGTP and 52% for dATP (Table 1). These find- was significantly reduced in the mutant.
In cells treated with 3 mM HU, DNA synthesis wasings indicated that Cid13 has an important role in con-
trolling dNTP production. This possibility was explored completed with a 45 min delay in wild-type but was
not completed within 180 min after release from G1 arrestfurther by measuring dNTPs during S phase. Tempera-
ture-sensitive cdc10-M17 cells were arrested in late G1 in cid13 cells (Figure 4B). In these cases, the amounts
of dGTP and dATP in cid13 cells were approximatelyand then allowed to progress into S phase (Reymond
et al., 1992). In early S phase (Figure 4A, 45 min), dGTP half that of wild-type at 45 and 90 min time points, which
corresponded to early and mid-S phase (Table 1). Theselevels were 218% in wild-type but only 104% in cid13
cells (Table 1). In mid-S phase the difference was data indicated that Cid13’s role in controlling dNTP me-
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Figure 2. Disruption of cid13 Causes HU Sensitivity
(A) cid13 cells and isogenic wild-type were incubated at 32	C for 3 days on a YES plate with or without 10 mM HU.
(B) HU (10 mM) was added to cid13 or wild-type cultures growing exponentially in liquid YES medium at 32	C. Cell viability (top) and cell
density (bottom) were measured every hour after addition of HU.
(C) Cells described in (B) were fixed with glutaraldehyde and stained with DAPI. Both cid13 and wild-type cells arrested division in HU.
(D) Serial dilutions (5-fold) of cid13 rad3 and cid13 cds1 double mutants and corresponding single mutants were spotted on YES plates
with or without HU. HU (2 mM) was used for rad3 and 3 mM for cds1. Double mutants were more HU sensitive than corresponding single
mutants.
tabolism was particularly important during replicational are defective in fully upregulating suc22 expression in
response to HU.stress. It was notable that DNA replication was signifi-
cantly retarded in cid13 cdc10-M17 cells treated with To test whether Cid13 controls stability of suc22
mRNA, the half-life of the 1.9 kb mRNA was measured3 mM HU, butcid13 cells displayed no apparent growth
defect on an agar media containing this amount of HU in wild-type and cid13 cells. A 1 hr heat shock at 42	C
was used to transiently induce the 1.9 kb mRNA. The(data not shown). There may be a synergistic interaction
involving moderate inhibition of RNR by 3 mM HU, a half-life of 1.9 kb mRNA was 9.0 min in cid13 cells and
11.5 min in wild-type (Figures 5C and 5D). A repetitionpartial defect of Cdc10 activity in cdc10-M17 cells grown
at permissive temperature, and loss of Cid13 activity. of this experiment yielded closely similar values of 9.7
min incid13 cells and 12.1 min in wild-type. The shorter
half-life of the 1.9 kb mRNA in cid13 cells may explain
suc22 Expression Is Impaired in cid13 Cells the reduction of 1.9 kb mRNA in HU-treatedcid13 cells.
Having established that Cid13 controls dNTP pools, we
explored whether Cid13 regulates suc22 expression.
There are two types of suc22 mRNA, a constitutively suc22 mRNA Poly(A) Tails Are Short
in cid13 Cellsexpressed 1.5 kb mRNA and a cell cycle-regulated 1.9
kb species expressed in S phase, which differ in their Most mRNA degradation is initiated by removal of the
3 poly(A) tail (Wilusz et al., 2001). To explore whether5 untranslated regions (UTRs). The 1.9 kb mRNA is also
induced in response to DNA damage, HU treatment, and Cid13 controls polyadenylation of suc22 mRNA, we
measured the length of the poly(A) tail of suc22 mRNAheat shock (Fernandez Sarabia et al., 1993; Harris et al.,
1996). Before treatment with HU (time 0), both wild-type in wild-type and cid13 mutant (Figure 6A). Two broad
bands were observed in both strains, indicating thereand cid13 cells expressed equal amounts of 1.5 kb
mRNA (Figures 5A and 5B). The 1.9 kb mRNA increased were two sites of transcriptional termination or cleavage.
Signals were weaker in cid13 cells (Figure 6A), consis-in both strains upon exposure to HU, but the rate of
increase was slower in cid13 cells (Figure 5B). At 4 hr tent with Northern analysis of suc22 mRNA (Figure 5B).
PhosphorImager analysis showed that the 3 UTR ofthe level of 1.9 kb mRNA in cid13 cells was 70% of
that in wild-type. This pattern was reproduced in 2/2 both transcripts was approximately 10 nucleotides
shorter incid13 cells as compared to wild-type (Figuresexperiments. These results showed that cid13 cells
Cid13 Cytoplasmic Poly(A) Polymerase
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Figure 3. Cid13 Localizes in the Cytoplasm
(A) Immunoblot analysis of cid13-myc cell extracts probed by anti-
myc monoclonal antibody (9E10). The 110 kDa Cid13-myc bands
were absent in extracts from untagged control cells (unpublished
data). Cid13-myc mobility and amount was unaffected in cells
treated with 10 mM HU for 4 hr.
(B) Exponential phase cid13-myc cells were fixed with methanol
Figure 4. Cid13 Is Important for S Phase Progression in the Pres-at
80	C and immunostained with anti-myc antibody (left) or treated
ence of 3 mM HUwith the DNA stain DAPI (right). The granular-like staining pattern
in cytoplasm was observed at all stages of the cell cycle. Untagged (A) Temperature-sensitive cdc10-M17 or cdc10-M17 cid13 strains
control is shown at bottom. were arrested in late G1 phase at 36	C and then returned to 25	C.
(C) Cid13-myc staining was unaffected treatment with 10 mM HU FACScan analysis showed that both strains started DNA replication
or 5 U/l Bleomycin. at 45 min and completed it by 90 min. The 45 min time point was
defined as “early S phase” and the 60 min point as “mid-S phase”
for dNTP analysis.
(B) Cells prepared as described in (A) were exposed to 3 mM HU6B and 6C). These results were reproduced in 4/4 experi-
when shifted to 25	C. The cdc10-M17 mutant started DNA replica-ments. The reduced size of transcript in cid13 cells
tion at 45 min and completed it by 135 min. The 45 min point waswas caused by shortening of the poly(A) tail, because
defined as “early S phase” and the 90 min point as “mid-S phase”
the transcript fragments collapsed to the same size as for dNTP analysis. The cdc10-M17 cid13 cells were unable to
those in wild-type when poly(A) tails were removed (Fig- complete DNA replication.
ure 6A, lanes 11–14). Cid13 does not control polyadenyl-
ation of all mRNAs, because the 3 UTR of leu1 mRNA
directly polyadenylates mRNA. Immunoprecipitatedwas unaffected by the cid13 mutation (Figure 6D).
Cid13-myc was incubated with single-strand poly(A)
RNA and -32P-labeled ATP in presence of Mn2 ionPoly(A) Polymerase Activity Associated
(Wahle, 1991). AMP was steadily incorporated into poly(A)with Cid13 and Trf4
during the incubation (Figure 7A). Denaturing polyacryl-Having demonstrated that Cid13 modulates the poly(A)
amide gel electrophoresis confirmed that AMP was in-tail of suc22 mRNA, we investigated whether Cid13
corporated into polymers (Figure 7B). No AMP was in-
corporated in a reaction performed without poly(A) RNA
(Figure 7B, lane 10), indicating that the activity requiredTable 1. dNTPs Levels Are Reduced in cid13 Cells
single-strand poly(A) RNA as a seed. This activity wasNo HU 3 mM HU
RNA specific. When immunoprecipitated Cid13 was in-
dGTP Async. Early S Mid S Early S Mid S cubated with single-strand poly(dA) DNA and radiola-
beled dATP, no radiolabel was incorporated to poly(dA)Wild-type 100% 218% 422% 165% 294%
cid13 58% 104% 387% 82% 153% DNA (Figure 7C). Interestingly, Trf4-HA immunoprecipi-
tated from budding yeast catalyzed incorporation ofNo HU 3 mM HU
AMP into poly(A) RNA (Figure 7D). Considering that
dATP Async. Early S Mid S Early S Mid S Cid13 and Trf4 have a nucleotide transferase motif and
Wild-type 100% 112% 204% 83% 99% are related to poly(A) polymerase, it is likely these activi-
cid13 52% 32% 148% 36% 40% ties are intrinsic to both Cid13 and Trf4.
Nucleic acids were extracted from 109 cells of each sample and
separated by HPLC. The amount of nucleotides was measured as Immunoprecipitated Cid13 and Trf4 Do Not
UV absorbance. Data for purine nucleotides were presented here. Catalyze DNA Synthesis
Purine nucleotides in asynchronous wild-type were defined as 100% Having demonstrated that Trf4 immunoprecipitated
(dGTP, 0.85 absorbance unit; dATP, 2.52 unit).
from budding yeast is active as a poly(A) RNA polymer-
Cell
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Figure 5. suc22 mRNA Is Destabilized by
cid13 Mutation
(A) Northern analysis of suc22 and leu1
mRNAs in wild-type and cid13 cultures
treated with 10 mM HU in YES media.
(B) PhosphorImager analysis of Northern blot
shown in (A). suc22 mRNAs were normalized
to the leu1 control. The intensity of 1.5 kb
band in wild-type at time 0 was defined as
1.0. The 1.9 kb mRNA accumulated at a
slower rate in cid13 cells.
(C) Northern analysis of suc22 mRNA in wild-
type and cid13 cultures heat shocked (42	C
for 1 hr) and then returned to 32	C.
(D) PhosphorImager analysis of 1.9 kb suc22
mRNA from Northern blot shown in (C). The
1.9 kb band was normalized to the 1.5 kb
band. The half-life was calculated by regres-
sion analysis using data from 10 to 40 min.
The 1.9 kb mRNA half-life was 11.5 min in
wild-type and 9.0 min in cid13 cells.
ase, we were curious whether this enzyme and Cid13 in the sample and readily detected in a silver-stained
gel (Figure 7H). Their physiological relevance to Cid13possessed the DNA polymerase activity attributed to
recombinant Trf4 protein expressed in bacteria (Wang et is unknown. No trace of Pla1, the nuclear poly(A) poly-
merase in fission yeast, was detected in the samples.al., 2000b). Half of each sample of immunoprecipitated
Cid13-myc and Trf4-HA was assayed in the poly(A) poly- The absence of any Pla1 peptides, coupled with the
10,000/1 dynamic range of MudPIT in the analysis ofmerase described above, while the other half was tested
in a DNA polymerase assay that used pBluescript plas- complex protein mixtures (Wolters et al., 2001), showed
that Pla1 could account for no more than 1% of themid digested with XmaI as a DNA template. Both Cid13
and Trf4 incorporated AMP into poly(A) RNA (Figure 7E). poly(A) polymerase activity measured in our assays.
Purified Cid13 complex contained SPAC57A7.04CNeither enzyme incorporated radiolabeled dCTP into the
DNA template, whereas purified Klenow fragment DNA and SPBC21B10.03C as substoichiometric minor com-
ponents. SPAC57A7.04C encodes the fission yeast ho-polymerase readily carried out this reaction (Figure 7E).
molog of poly(A) binding protein Pab1 in budding yeast.
SPBC21B10.03C has substantial sequence similarity toCid13 Associates with Poly(A) Binding Protein
budding yeast Pbp1, a protein that interacts with Pab1.To determine if Cid13 interacts with other proteins in-
Both proteins play an important role in the regulation ofvolved in RNA metabolism, tandem affinity purification
poly(A) tail length and mRNA translation (Caponigro and(TAP) was used to purify Cid13 overexpressed in S.
Parker, 1995; Mangus et al., 1998). The interaction be-pombe (Rigaut et al., 1999). Cid13 purified by this
tween Cid13 and fission yeast Pab1 homolog (namedmethod possessed robust poly(A) polymerase activity
Pab11) was confirmed by coimmunoprecipitation (Fig-(Figure 7F). In common with conventional poly(A) poly-
ure 7I). This interaction is consistent with evidence thatmerase (Haff and Keller, 1975), Cid13 displayed much
Cid13 plays a role in controlling mRNA polyadenylation.higher activity with the divalent cation Mn2 as com-
pared to Mg2 (Figure 7G). Moreover, Cid13 strongly
preferred to incorporate AMP into RNA (Figure 7G). Mod- Discussion
erate incorporation of CMP was detected, whereas the
rate of UMP and GMP incorporation was very low (Figure Addition of a 3 poly(A) tail is crucial for the production
of translationally competent mRNA (Colgan and Manley,7G). These preferences are also shared with conven-
tional poly(A) polymerase (Haff and Keller, 1975). 1997). The poly(A) tail is required for subsequent mRNA
processing, nuclear export, translation, and mRNA sta-Proteins that associated with Cid13-TAP were identi-
fied by multidimensional protein identification technol- bility. Once exported from the nucleus, turnover and
translational efficiency of many mRNAs are controlledogy (MudPIT), which combines liquid chromatography
with electrospray ionization tandem mass spectrometry by proteins that modulate 3 deadenylation (Wilusz et
al., 2001). The ability to counteract poly(A) deadenylation(Link et al., 1999; Washburn et al., 2001). This analysis
revealed that overexpressed Cid13-TAP copurified with of specific mRNAs in the cytoplasm, if it existed, would
provide cells with an additional mechanism of control-two heat shock proteins (HSP90 and HSP70), two 14-
3-3 proteins (Rad24 and Rad25), and SPAC9G1.05, a ling gene expression. In this report we have presented
evidence for the existence of such a mechanism in theprotein with WD motifs. These proteins were abundant
Cid13 Cytoplasmic Poly(A) Polymerase
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Cid13 catalyzes DNA synthesis in the low dNTP concen-
trations was discarded because Cid13 was a cyto-
plasmic protein that lacked detectable DNA polymerase
activity. A model in which Cid13 detoxifies or excludes
HU was also disproved. The most logical remaining
model was that Cid13 regulated RNR. Indeed, we found
that the abundance, half-life, and poly(A) tail of the 1.9
kb suc22 mRNA were substantially reduced in cid13
cells. These observations prompted experiments that
demonstrated a Cid13-associated poly(A) polymerase
activity. Taken together, these data argue that Cid13
controls dNTP synthesis (and HU tolerance) through its
ability to polyadenylate suc22 mRNA.
Cid13 has a nucleotide transferase motif (Aravind and
Koonin, 1999); hence, Cid13 is probably a catalytic com-
ponent of poly(A) polymerase. Cid13 and other Cid/TRF
proteins are weakly related to conventional poly(A) poly-
merases, which themselves constitute a highly con-
served protein family that are about 50% identical be-
tween fission yeast, budding yeast, and human (Aravind
and Koonin, 1999). The similarity of Cid/TRF proteins to
conventional poly(A) polymerases is low (15% identity)
and restricted to the predicted catalytic domains. Cid/
TRF proteins are more closely related between species
than they are to conventional poly(A) polymerases within
species. Therefore, Cid/TRF proteins probably diverged
from conventional poly(A) polymerases very early in eu-
karyotic evolution. In spite of this extreme divergence,
Cid13 and conventional poly(A) polymerase share many
enzymatic properties, including a strong preference for
ATP as a nucleotide triphosphate substrate and Mn2
as divalent cation.
Cytoplasmic polyadenylation of mRNA has been doc-
umented during early development in Xenopus, clams,
and mouse, and probably in Drosophila and Caenorhab-
ditis as well (Mendez and Richter, 2001; Richter, 1999).
Animal oocytes contain large amounts of dormant
mRNA that have short poly(A) tails. Progesterone in-Figure 6. Poly(A) Tails of suc22 mRNA Are Shorter in cid13 Cells
duces polyadenylation and translation of mRNAs encod-(A) Total RNA prepared from wild-type and cid13 cells treated with
10 mM HU for 0 to 8 hr was annealed with a DNA oligonucleotide ing c-Mos, the small subunit of ribonucleotide reductase
that hybridizes near the suc22 termination codon and then digested (Suc22 homolog), and cyclins (Rosenthal and Ruder-
with RNaseH, an enzyme that cleaves DNA:RNA hybrids. Northern man, 1987; Rosenthal et al., 1983; Standart et al., 1985;
blot analysis was performed with a probe for the 3 UTR region of Swenson et al., 1987). These events require a number
suc22 mRNA. Two broad RNA species were detected in both strains.
of factors, including a cytoplasmic poly(A) polymeraseThese RNA species were 10 nucleotides smaller in cid13 cells.
that is thought to be a splice variant or close relativeTo confirm that the size difference was due to changes in the length
of the poly(A) tail, oligo dT was added to RNaseH reactions shown of nuclear poly(A) polymerase (Ballantyne et al., 1995;
in lanes 11–14. Gebauer and Richter, 1995). Cytoplasmic polyadenyla-
(B) PhosphorImager analysis of 8 hr time point shown in (A) (lanes tion has been speculated to occur in cells of the central
9 and 10). Graphs were normalized to make the total intensity value nervous system (Mendez and Richter, 2001; Richter,
1.0.
1999). It will be interesting to determine if Cid/TRF pro-(C) PhosphorImager analysis of 0 hr time point shown in (A) (lanes
teins are involved in these processes.1 and 2).
(D) Measurement of leu1 mRNA 3 UTR.
Why Polyadenylate suc22 mRNA in the Cytoplasm?
Cytoplasmic polyadenylation is useful in the context of
fission yeast Schizosaccharomyces pombe. This mech- embryonic development because it activates a large
anism involves Cid13, an unconventional poly(A) poly- stockpile of dormant mRNAs needed during the very
merase that may be a prototype for a family of enzymes rapid cell divisions that follow fertilization. What purpose
that regulate gene expression in all eukaryotic or- does cytoplasmic polyadenylation of suc22 mRNA serve
ganisms. in fission yeast? The onset of DNA replication marks a
point of rapid consumption of dNTPs. Likewise, DNA
damage or heat shock may also strain the capacity toCid13 Defines a Class of Poly(A) Polymerases
Cid13 was discovered through its ability to ameliorate synthesize dNTPs. In these circumstances, suc22 mRNA
polyadenylation by Cid13 may provide a mechanism ofHU sensitivity of checkpoint mutants. A model in which
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Figure 7. Cid13 Has RNA Poly(A) Polymerase
Activity
(A) Immunoprecipitated Cid13-myc incorpo-
rated radiolabeled AMP into poly(A) RNA. No
activity was detected in mock-immunopre-
cipitated material from the untagged cells.
Radioactivity bound to DE81 paper in the
negative control at 5 min was defined as 1.0.
(B) Products of reactions shown in (A) were
separated by denaturing PAGE and autora-
diographed, confirming that AMP was incor-
porated to poly(A) RNA. The signals at the
bottom of the gel were derived from free ATP
monomer. In lane 10, ATP was incubated with
immunoprecipitated Cid13-myc for 30 min
but without poly(A) RNA.
(C) Immunoprecipitated Cid13-myc was incu-
bated with poly(A) RNA and labeled ATP (left)
or poly(dA) DNA and dATP (right) for 30 min
at 30	C. Mock-immunoprecipitated materials
from the cells without myc tag was used as
a negative control. Cid13-myc incorporated
radiolabeled nucleotide into poly(A) RNA but
not poly(dA) DNA.
(D) Trf4-HA immunoprecipitated from bud-
ding yeast incorporated AMP into poly(A)
RNA. Mock-immunoprecipitated material
from TRF4-HA strain without antibody was
used as a negative control.
(E) Cid13-myc and Trf4-HA were immunopre-
cipitated from fission and budding yeasts.
One-half of each sample was assayed in a
DNA polymerase assay that used pBluescript
plasmid digested with XmaI as a DNA tem-
plate (top). Neither enzyme incorporated
dCTP into pBluescript, whereas purified
Klenow fragment DNA polymerase readily
carried out this reaction. The other half of
each sample was tested in a poly(A) polymer-
ase assay (bottom).
(F) Cid13 purified from cells that expressed
Cid13-TAP from the nmt1 promoter (pREP1-
Cid13TAP) was assayed for AMP incorpora-
tion into poly(A) RNA. The negative control
was mock-purified material from cells trans-
formed with empty vector (pREP1).
(G) Nucleotidyl transferase assays were per-
formed with Cid13 purified from cells that ex-
pressed Cid13-TAP. Cid13 displayed a strong
preference for ATP over CTPUTPGTP.
Cid13 poly(A) polymerase activity was sub-
stantially diminished when the divalent cation
Mg2 was substituted for Mn2.
(H) Cid13-TAP was purified from a cid13
strain transformed with pREP1-Cdc13TAP.
Part of the sample was separated SDS-PAGE
and stained with silver. Cells transformed with empty vector (pREP1) were used as a negative control.
(I) Cid13-myc was immunoprecipitated from a strain transformed with a multicopy plasmid that expressed Pab11-HA. Immunoblot analysis
of the immunoprecipitate showed that Pab11-HA precipitated with Cid13-myc (lane 4).
rapidly enhancing dNTP synthesis. This response by- been studied in some detail (Wang et al., 2000a). Similar
to Cid13, Cid1 overexpression rescues HU sensitivity ofpasses steps of promoter activation, synthesis and pro-
cessing of mRNA, and mRNA nuclear export. Such a checkpoint mutants (Wang et al., 2000a). However, cid1
and cid13 mutations cause different phenotypes, in thatcapacity may be crucial for survival during times of
stress or for insuring optimum dNTP availability during cid1 mutants are sensitive to HU only in the presence
of caffeine (Wang et al., 2000a), an inhibitor of the check-DNA replication. Unlike fertilized oocytes, in which cyto-
plasmic polyadenylation activates dormant mRNAs, we point kinase Rad3 (Moser et al., 2000; Wang et al., 1999).
Cid1 and Cid13 may have overlapping functions, withbelieve that Cid13 functions by counteracting deadenyl-
ation of active mRNAs, thereby recycling mRNAs that Cid13 having the dominant activity, or perhaps Cid1
targets different mRNAs whose products are involvedare otherwise destined for degradation.
Fission yeast has six cid genes, of which cid1 has in dNTP metabolism. It is tempting to speculate that all
Cid13 Cytoplasmic Poly(A) Polymerase
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30 min, JA-20 rotor, Beckman-Coulter) and purified as describedmembers of the Cid family have roles that are connected
(Rigaut et al., 1999). The final eluate was precipitated with TCA (25%with DNA replication and genome maintenance.
v/v) for 1 hr on ice, washed with acetone, and air-dried. The sample
was treated as described (Link et al., 1999). The resulting peptide
On the Role of Trf4/5 mixture was analyzed by multidimensional protein identification
Trf4 and Trf5, the Cid13-related proteins in budding technology (MudPIT) (Link et al., 1999; Washburn et al., 2001) with
modifications described by McDonald et al. (2002). Tandem massyeast, were proposed to define an essential class of
spectra were searched against version 11 of the pompep databaseDNA polymerase. This proposal was partly based on
to which common contaminants such as keratin and trypsin werethe observation that trf4 trf5 double mutants progress
added. Search results were filtered and grouped using the DTASel-slowly through S phase (Wang et al., 2000b). This result ect program (Tabb et al., 2002), and identifications were confirmed
is consistent with a range of potential functions, includ- through manual evaluation of spectra. For immunoprecipitations,
ing the possibility that Trf4/5 polyadenylate mRNAs im- cell extracts clarified as described above were incubated with pro-
tein G sepharose beads (Amersham-Pharmacia) covalently cross-portant for DNA replication, such as those encoding
linked with antibodies. After 3 hr incubation at 4	C, the beads wereRNR subunits. More significantly, Trf4 produced in bac-
washed in extraction buffer. For poly(A) polymerase or DNA poly-teria was shown to have an associated DNA polymerase
merase assays, the beads were washed in reaction buffer.activity (Wang et al., 2000b). This finding is inconsistent
with our observations that Trf4 immunoprecipitated from Poly(A) Polymerase Assay
budding yeast fails to polymerize DNA synthesis and Nucleotidyl polymerase assays were performed as described
yet catalyzes polyadenylation of RNA. It is a formal pos- (Wahle, 1991) with minor modifications. Immunoprecipitated mate-
rial from 10 mg total protein extracted from SS2925 cells (cid13-sibility that Trf4 isolated from yeast coprecipitates with
13myc) was used for each reaction. Alternatively, Cid13-TAP wasfactors that inhibit its DNA polymerase activity, or that
purified from 15 mg total cell extract of cells that expressed Cid13-the antibody inhibits DNA polymerase but not poly(A)
TAP from the nmt1 promoter. Poly(A) RNA, poly(dA) DNA, and radio-polymerase activity. Alternatively, Trf4 might have a labeled nucleotides were purchased from Amersham-Pharmacia.
weak DNA polymerase activity that cannot be readily Immunoprecipitated materials and substrates were incubated at
assayed with the amount of Trf4 protein that can be 30	C in 25 l reaction buffer (25 mM Tris HCl [pH 8.3], 40 mM KCl,
0.5 mM MnCl2, 0.5 mM DTT, 0.1% NP40, 0.2 mg/ml BSA, 10%immunoprecipitated from yeast. At the minimum, our
glycerol) containing 50 M radiolabeled nucleotide triphosphatedata show that Trf4 has the potential to function as a
(ATP, UTP, GTP, or CTP). Reactions were terminated by adding 10poly(A) polymerase in vivo, and we speculate that this
mM EDTA on ice. After proteinase K digestion (0.2 g/l, 65	C foractivity may explain the essential nature of Trf4/5 func- 30 min), 1/6 of the reaction was subjected to a DE81 binding assay
tion in budding yeast. Interestingly, a recent large-scale (Sambrook and Russell, 2001). Radioactivity bound to DE81 was
mass spectrometry analysis of protein complexes in measured using PhosphorImager STORM 840 system (Molecular
Dynamics). The remainder of the reaction was separated in 8 M ureabudding yeast showed that Trf4 associates with poly(A)
containing 6% PAGE and autoradiographed.binding protein Pab1 (Ho et al., 2001), consistent with
our findings in fission yeast.
RNA Manipulation
Total RNA was prepared using TRIZOL reagent (Invitrogen) usingExperimental Procedures
the instructions from the manufacturer. To determine poly(A) tail
length of suc22 mRNA, a described procedure (Chapon et al., 1997)General Techniques, Strains, and Plasmids
was used with modifications. Twenty-five micrograms of total RNAFission yeast methods and media have been described in Moreno et
prepared from HU-treated cells was annealed with 25 pmol oligonu-al. (1991). Yeast transformation, immunostaining, and DAPI staining
cleotide that is complimentary to a region of suc22 from 1127 tomethods have been described (Adachi and Yanagida, 1989; Hagan
1146. To eliminate the poly(A) tail, 100 pmol of oligo dT 18-mer wasand Hyams, 1988; Ito et al., 1983). The following new fission yeast
annealed at the same time. After digestion of RNA:DNA hybrids withstrains were constructed for this study: SS2920, TAP-8HA-rad26-
RNaseH, RNA was precipitated in ethanol and separated in 8 MN73; SS2921, cid13::kanMx6; SS2922, cid13::kanMx6 rad3::ura4;
urea containing 4% PAGE. RNA was transferred to nylon membraneSS2923, cid13::kanMx6 cds1::ura4;SS2924, cid13::kanMx6 chk1::
and probed with an oligonucleotide that hybridizes to 3 UTR re-ura4, SS2925, cid13-13myc:kanMx6; SS2926, cid13::kanMx6
gions. For hybridization, ULTRAhyb-Oligo Hybridization Buffer (Am-cdc10-M17. All other strains were from previously described lab
bion) was used with following manufacture’s instruction. The resultstocks. PR109 was used as the wild-type. For protein expression
was analyzed by ImageQuant software (Molecular Dynamics).in S. pombe, pREP1 was used (Maundrell, 1993). Plasmid pPC199
contains a Pab11-HA construct. Plasmid pPC200 contains a Cid13-
DNA Polymerase AssayTAP construct regulated by the nmt1 promoter. An S. pombe geno-
One microgram of pBluescript DNA (Stratagene) digested with XmaImic library provided by Dr. H. Masukata was used to screen for
restriction enzyme, which creates 5 overhang complementary tomulticopy plasmids that rescue HU sensitivity of rad26-N73 cells.
5-CCGG-3, was incubated with immunoprecipitated materials or
2.5 units Klenow DNA polymerase (New England Bio Labs) at 30	CMeasurement of dNTPs
for 30 min. Reactions were performed in buffer containing 50 mMdNTP measurements were performed as described (Zhao et al.,
Tris HCl (pH 8.0), 10 mM MgCl2, 2 mM DTT, 20 mM KCl, 2.5%2001). Nucleic acids were extracted in 12% TCA 15 mM MgCl2.
glycerol, 0.2 mg/ml BSA, and 1 mM radiolabeled dCTP. After Protein-dNTPs were separated by HPLC and their amounts were quantified
ase K treatment (0.2 g/l, 65	C for 30 min), the reaction was sepa-as described (Hofer et al., 1998).
rated in a 0.7% agarose gel and autoradiographed. Total DNA was
stained with Ethidium Bromide.Protein Manipulation
Cell extracts were obtained by grinding cell pellets frozen in buffer.
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